the gradient increases. The extent of differentiation of communities along habitat gradients is beta diversity. The total or gamma diversity of a landscape, or geographic area, is a product of the alpha diversity of its communities and the degree of beta differentiation among them. The species' position in a landscape of communities, as described in terms of both habitat and niche relationships, may be termed its ecotope.
Two approaches to measuring beta diversity have been most useful. For a transect along a given coenocline, the degree of species turnover or compositional change may be measured through sample similarities and expressed as half-changes. When a set of samples are taken to represent differences in communities of a landscape or range of habitat along more than one habitat axis, beta differentiation for these samples may be expressed by the ratio of the total number of species represented in the samples to the mean number per sample.
Diversity of communities seems a resultant of non-extreme conditions, stable conditions, evolutionary and successional time, and the kind of community developed in that time. It is difficult to separate the effects of chronic environmental rigor, amplitude of regular fluctuation, and irregularity or unpredictableness of fluctuation. Diversities are low in many unstable environments, but certain desert communities subject to wide and irregular variation in precipitation have evolved high diversities in relation to this variation. Evolutionary time is difficult to measure, but is important as the dimension through which increase in alpha and beta diversity occurs. Alpha diversities of birds, and gamma diverstities of islands, appear to reach saturation or steady-state levels. It is suggested, however, that for terrestrial plants and insects increase of species diversity, with elaboration of the niche hyperspace and division of the habitat hyperspace, is a self-augmenting evolutionary process without any evident limit.
INTRODUCTION
Ecologists and systematists alike are beneficiaries of the richness of the living world in forms and species. This richness appears on varied levelsin the many species accommodated to one another in a community studied by an ecologist, the relative numbers of species in areas with which the biogeographer is concerned, and the great wealth of species of the living world as a whole that the systematist tries to bring to understanding through evolution and classification. Different fields have thus common interests in the phenomenon, of richness in species, to which the term "diversity" applies. I shall discuss here some interpretations of diversity as a product of evolution and what these imply for measurement of diversity. We may note first the extraordinary development of the study of diversity during the last fifteen years. Articles by Hutchinson (I957) and MacArthur (I957) offered promise of a new area of a different kind of ecology, one of an orderly, formal system of mathematical relationships by which diversities and the importance-value relations of species should become predictable. An area of study with its own literature now exists, and it is of interest to see how its characteristics relate to the promise. existence except as an abstraction of some significant relationships in the community. As such it permits some interpretations of interest.
i. Each species evolves toward its own position in this space, different from that of any other species. Its position in and response to factors of the niche hyperspace defines its niche. If we think of the species as being limited to some range of each niche axis, then these limits outline for the species its niche hypervolume (Hutchinson 1957) . To say that two species will not both survive if they have congruent hypervolumes, or if the hypervolume of the weaker competitor is wholly within that of the stronger, paraphrases the principle of Gause. It may be preferable, however, to think that each species occupies a vaguely outlined, cloud-like space that differs from, but may overlap broadly with, those of other species. Species evolve not so much toward mutually exclusive hypervolumes as toward different locations of their centers in the hyperspace. If we knew enough about niche relationships it should be possible to "ordinate" species, arranging them by relative positions on niche axes in the niche hyperspace (Whittaker 1967 2. In evolutionary time the number of species in the community can grow -by fitting species in between other species along existing resource gradients, by the reciprocal facilitation of diversity growth by interacting groups, and by the extension of existing and addition of new niche axes. The possibilities for niche space division among species may increase exponentially with increase in number of niche axes -as shown by MacArthur (1964) for the relation of bird species diversities to densities of different foliage layers as axes. There is no evident intrinsic limit on the increase in species number, with increased packing and elaboration of axes of the niche hyperspace. The addition of species to communities is a selfaugmenting, self-facilitating evolutionary process (Hutchinson I959, Whittaker 1969) ; the result of this process is community, within-habitat, or alpha diversity.
IMPORTANCE VALUES
There is a second consequence of this evolution of species in communities to be considered -the patterns of relative importances of species. Let us consider that the niche hyperspace, minus axes that are not interpretable as resources, is also a hyperspace of resource gradients. Species evolve characteristics that imply not only different positions in the hyperspace, but different sizes of the resource hypervolumes they occupy in different communities. In a given community species will differ in the ranges of resources they are able to command in competition with other species. The range of resources used is expressed in a species' productivity. We wish thus to ask how the resource hyperspace is divided among species, as this division is expressed in relative productivities of species. Productivities are not easily measured, and in many cases we must compare species by some other "importance value" -for animals population density or species biomass, for plants coverage, biomass, frequency, basal area, or density.
Such measurements are usually applied to "taxocenes," or taxonomically defined fractions of communities. When the species are thus measured and then arranged in sequence from most to least important, they may be plotted in semilog graphs to form importance-value or dominance-diversity curves. The most generally appropriate chart uses importance values on a logarithmic ordinate and species sequence on a linear abscissa; such charts distinguish the distributions characterized below as the linear geometric, sigmoid lognormal, and flat-sigmoid MacArthur distributions (Whittaker 1965, I97oa) . For a taxocene that may approach a MacArthur distribution a chart with importance values linear and species sequence logarithmic is preferable (MacArthur I960), for on this plot the MacArthur distribution is quasilinear, whereas the geometric and lognormal distributions become hollow J-curves (Fig. 2) . Observations of importance-value curves have led to these interpretations: i. The geometric series and niche pre-emption hypothesis (Motomura I932, Whittaker I965, I969): If one assumes that a first species in the sequence, the dominant, occupies a fraction k of the resource hyperspace, the second a fraction approximating k of that not occupied by the first, and so on, the species importances will form a geometric series, pi = pic'-. In this pi is the relative importance of a given species (i.e. as the decimal fraction of the sum of corresponding importance values for all species sampled), pi is the relative importance of the first species, i is the position of a species in the sequence from most to least important, and c is the geometric series ratio and equals 1 -k. There is no assumption that the first species was first inr time, only that the species have -struck competitive balances in which they take roughly equivalent fractions of resources not claimed by more effective competitors. The fractions, and the ratio c for their complements, may be expected to show random fluctuation from one species-pair to another in the sequence. (Alternatively the distribution itself can be interpreted as lograndom.) The occurrence of strong dominance in plant communities (and the relation to height and light shown in Fig. i) suggest that the geometric form should often be observed in terrestrial plant communities (Fig. 3) (Whittaker I965, 1969) . 3. The lognormal distribution: Both the niche pre-emption and random niche boundary interpretations are applicable to particular taxocenes of limited numbers of species in competitive contact with one another (contiguous niche hypervolumes). They should not be expected to apply to larger numbers of species most of which are not closely related in resource use (Whittaker & Woodwell I969) . As the number of species increases, the number of factors governing their relative importance increases. If relative importances are governed by many factors acting in partial independence, we should expect the importance values to form a frequency distribution, presumably a normal curve. If species importances are appropriately compared on a logarithmic, rather than a linear scale, as seems to be the case, then this frequency distribution becomes lognormal (Preston 1948, I962) .
When species are classed by octaves or doubling units, a modal octave will contain the largest number of species, with intermediate importance values, and numbers of species per octave will decrease upward to a small number of dominants and downward to a small number of rarities, some of them beyond the reach of our sample from the community. The distribution of species in octaves may be expressed by, in which Sr is the number of species in an octave R octaves distant from a modal octave containing So species, and a is a constant. Lognormal distributions are observed for a wide range of different kinds of samples (Preston I948 In this Si is the number of species represented by single specimens, SiX/z the number represented by two specimens .. .; x is a constant less than unity but approaching that value for large samples, and a is a constant and a slope-related diversity measurement. No theoretical justification is assumed for this series, which fits the ascending slope (of high importance values) of lognormal distributions. Study of these curves leads not to a single characterization of the importance-value structure of communities, but to recognition of a range of intergrading forms of curves (Whittaker I965, I969). For interpretation of community process underlying these forms the curves are, unfortunately, a tactic of weak inference: a number of alternative hypotheses can be adduced to interpret a given form (Cohen I968, Whittaker I969). Study of the curves has given less insight into community organization than had been hoped, but has not been without value. There is, first, undoubted significance in contrast of pattern as marked as that between the geometric and the MacArthur distributions of a plant and a bird community, even if we are less than certain of the meaning of the difference. Second, the forms of these curves are important to problems of measuring diversity.
MEASUREMENT OF ALPHA DIVERSITY
Alpha diversity measurements are those applied to samples from particular communities. In principle it should be possible to characterize alpha samples by parameters of the lognormal distribution, St or So and a or o, (a=/o.5/a), but in practice it is often impossible to compute these. Two properties of samples -species numbers and relative importances -imply the need for measurements of two kinds: (a) diversity proper, or richness of the community in numbers of species, and (b) the character of the importance-value relations which, if we seek a single number, is a slope for the importance-value sequence. This slope relates to relative concentration of dominance, or to the inverse of this, relative flatness of the importance-value curves or evenness of the importance values. Diversity and evenness are correlated; but the correlation is partial, and it is often desirable to measure species-richness and slope separately. The two aspects of slope -concentration of dominance in the first or first few species, and evenness for the whole sequence of species -bear a partial inverse correlation; and different measurements are appropriate for them. We thus desire more than one measurement and should like each to have such properties as: (a) relative independence of sample size, (b) low dispersion or vulnerableness to sample error, (c) conceptual appropriateness to the subject of measurement, and (d) dimensional correspondence with that subject and lucidity of expression of changes in it. The study of diversity is primarily about richness in species and we should prefer, though not necessarily require, diversity measurements to be interpretable in terms of numbers of species.
The most generally appropriate measure of diversity is simply S, the number of species per unit area as represented in some kind of standard sample. The sample is most often a quadrat of consistent ( In the second expression ni is an importance value, not relativized, for species i and N is the total of such importance values for all species. These expressions give the probability that two individuals drawn at random from the sample will be of the same species if the first individual drawn has been (first form) or has not been (second form) returned to the sample when the second individual is drawn. The second form can also be in - (Fig. 3) . The three expressions of range of importance values, and different logarithmic bases, provide a number of ways of computing equitability measures by this concept. The simplest measurement is E, = S/De using logarithms to the base io. Mathematically the most interesting form may be E'c = S/4oe (using log2). When computed for a lognormal distribution (the sample for which is complete), E'c bears a strict relation to the lognormal parameters, E'c = o.354Sa = o.628So. E, and E'c are relatively, though not fully, independent of sample size and appear to have the advantage over H' by the other criteria given. Peet's (197i) and these equitability measures have not yet been adequately evaluated in practice, but they suggest that a better measure of equitability and means of inferring diversity than H' can be found.
Some other equitability expressions should be mentioned. Lloyd & Ghelardi (I964), observing the distinction of diversity and equitability, sought expression of the latter by the ratio of H' of a sample to that of a MacArthur distribution for the same number of species, Hm. The MacArthur distribution was considered to represent maximum feasible equitability, in communities. Direct comparison of Shannon-Wiener indices E = H'/Hm, was rejected because of the logarithmic scale of H'. The ratio, = S'/S, was suggested instead, comparing actual number of species in a sample (S) with the number that would occur (S') in a sample with a MacArthur distribution and the same H'. Pielou (I966b, I969) suggested J = H'/log S, in which log S is equal to H' for S species given perfect equitability -identical importance values for all. Pielou did not refer to Lloyd & Ghelardi's rejection of the logarithmic ratio, but Buzas & Gibson (I969) have used an antilog equivalent, expH'/S. The index E would in principle have the advantage because it is interpretable in terms of both species as units and a biologically realistic maximum equitability. However, all these indices suffer from the fact that they compare a stable with an unstable value (cf. Sheldon I969, Hurlbert I97I). H' is relatively independent of sample size, but S, and hence log S and Hm are strongly influenced by sample size. There is no area-independent number of species in a community that may be used as a comparison. S, log S, and Hm will change both more-rapidly than H' with change in sample size, and more slowly than H' but in parallel with H' as equitability increases for samples of constant size. For standard samples of geometric or lognormal form E, I, and J are functions of H'; they increase with increasing equitability but may offer no information on equitability beyond that expressed in H'. As sample size for the same importance distribution is varied, E, E and J will vary, but interpretation of the variation as change in equitability will be in error. J, which has no biological standard of comparison, seems a rather unrevealing number. For samples that should be compared with the MacArthur distribution e is still useful (Goulden I966, I969, Deevey I969). In this use e expresses not over-all evenness of importance values through the whole sequence (as H' does), but degree of departure of that sequence from the MacArthur form, departure usually in the direction of stronger dominance and geometric or lognormal form. The greater the departure the more the value of e will be influenced by sample size as well as that departure. Other tests of goodness of fit to the MacArthur distribution are used by Hairston (I959), King (I964), and Kohn (I968).
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One regrets the limitations of these ingenious efforts to obtain a second slope measure from H'. The reason for the effort may lie in the popularity of H' as a measurement for the inference of diversity; it has not been sufficiently emphasized that H' is itself an equitability measure. Some authors have gone beyond use of H' as the best equitability measure for inferring relative diversity, to try to solve the problem of biological interpretation of diversity by the simple postulation that H' is diversity. From this identification of diversity with a particular index of mixed meaning an unforeseen line leads to Hurlbert's (1971) conclusion that, since diversity can be identified with any of a number of indices, diversity per se does not exist.
For the measurement of alpha diversity relations I suggest, first, use of a direct diversity expression, S, as a basic measurement whenever possible, second, accompaniment of this by a suitable slope expression when the data permit. For vascular plants and other samples involving strong dominance S and C or V C may be the most effective combination, for many kinds of samples S and H' or E, may be desired, and when the MacArthur form is in question E or one of the other tests of fit is of interest in combination with S, H', or E,.
HABITATS AND BETA DIVERSITY
The environment of a species, as characterized primarily by physical and chemical qualities rather than position within a community, is the species' habitat. The habitats occupied by species in a given landscape intergrade along environmental gradients, and we can use these gradients as axes of a quite different kind of abstract space, a habitat hyperspace (Goodall 1963 , Whittaker 1967 , Whittaker & Levin I972). The qualities of environments in a landscape are many. It simplifies treatment to abstract from the many factor-gradients a few major directions of environmental variation, complex-gradients along which many particular factors vary together. The habitat hyperspace for a landscape may thus be reduced to a manageable two to four or five axes, which may include such variables as elevation, moisture conditions as influenced by topographic position, soil fertility, and severity of disturbance. For each of these axes a species has a range of tolerance, a span of environmental conditions over which it is able to maintain a population in interaction with other species. The limits of these ranges outline in the hyperspace a hypervolume, as an abstract formulation of the species' habitat (Whittaker & Levin I972, cf.
Hutchinson 1957).
Extensive work in gradient analysis has dealt with the manner in which species populations relate to environmental complex-gradients (Whittaker I956, 1967, I970c) . In general (a) each species has a bell-shaped distribution of binomial or Gaussian form, and (b) the modes or centers of these distributions are scattered along the gradient, while (c) in most cases the curves overlap broadly with one another, so that (d) the many species together form a population continuum, a community-gradient or coenocline (Fig. 4) . The scattering of species centers along the gradient is of particular interest for it suggests that, even as species evolve toward difference of niche in a community as implied by the principle of Gause, they evolve also toward difference of habitat by which competition between them in their distributional centers is reduced. One expression of the result ), but some of these are more complex than the quality of community data is likely to justify. These measures when applied to habitat width and overlap, though they are sometimes termed "niche" measurements, should be clearly distinguished from niche measurements that express intracommunity relationships. Schoener (I970) and Price (1971) have applied measurements of the forms given to combinations of niche and habitat factors, thereby using them to express "ecotope" relations as these are considered below. As additional species are packed into a coenocline, competition among species tends to narrow their distributions along the gradient. As species distributions become narrower, the extent of change in species composition of communities along the coenocline increases (Fig. 4) . This extent of species replacement or biotic change along environmental gradients is beta or between-habitat diversity. To the habitat hyperspace there corresponds a community pattern or hyperspace, the axes of which are gradients of community composition or coenoclines (Whittakker I956, I967). One of the products of an indirect ordination of community samples should be a representation of such a compositional or community hyperspace. An ordination of species, rather than samples, generally reveals the scattering of their positions in habitat or community hyperspace (Whittaker 1967 ). Species, through evolutionary time, are added to the biota of the landscape, and each species fits itself into a habitat -and a corresponding hypervolume in the habitat hyperspace and central position in the community hyperspacedifferent from those of other species. Thus beta diversity may increase with time along each of the major axes of the community hyperspace. The com-munity hyperspace may be conceived to "grow" by the addition of species and extension of the compositional lengths of its axes. Like alpha diversity, the community pattern of a landscape is an evolutionary product that tends by addition of species further to complicate itself in evolutionary time.
Richness in species of a range of habitats (a landscape, a geographic area, an island) is a gamma diversity and is consequent on the alpha diversity of the individual communities and the range of differentiation or beta diversity among them. We may, once more, employ the hyperspace formulation. If we combine the set of axes of the niche hyperspace with the set of axes for the habitat hyperspace (and axes for succession and disturbance that we may or may not wish to include among the latter), we derive a compound hyperspace (Whittaker 1969 ). The axes of this (niche + habitat + succession) hyperspace are now assumed to include all the ecological variables to which species in the landscape respond in their evolution. There is no established name for this compound hyperspace; we may refer to it here as the "ecotope hyperspace." A given species has its place in this hyperspace, set by the limits of its population tolerances in the face of interaction with other species, along those axes that affect its population. This place is its ecotope hypervolume as an abstract formulation of its place in a landscape of communities and species, its relation to the full range of habitat and niche fac- The concept of "niche" should be kept in clear distinction from "fundamental niche" and "ecotope hypervolume." "Niche" and "habitat" are, like "diversity" and "equitability," a complementary pair of terms representing complementary concepts. In both cases confusion has resulted from appropriation of one of the terms to denote the combination of the two concepts. The concept of "niche" has its functional "place" in community theory, its "role" in interpretation of species evolution in communities. Confusion results from a sequence of changes in usage in which, first, the term "fundamental niche" for Hutchinson's abstract formulation is applied to the actual ecotopes of species, second the qualification "fundamental" is dropped so that niche + habitat is now termed "niche," and third intracommunity factors are left out of active consideration, so that in some cases "niche" is used as a term for habitat and "niche breadth" for habitat width. I intend no detraction from the incisiveness of Hutchinson's concept that is, along with work in gradient analysis, a source of the formulation offered here. There are difficulties with such measurement. It is not the mean CC but its one complement that expresses relative dissimilarity. CC should not, however, be subtracted from I.0 but from the smaller fraction that represents CC for comparison of replicate samples from the same community. This "internal association" or threshold dissimilarity, CCo, ranges often between 70 and 90 per cent, and is not known for a given kind of sample until measured. It decreases with increasing alpha diversity and decreasing sam-
MAY 1972 233
This content downloaded from 129. (Whittaker 1952) . The difference, CC0 -CC, bears a curvilinear relation to distance along a complex-gradient or coenocline (Gauch 1972 ).
Furthermore, the mean CC will be affected by sample density in the community pattern -the number of samples taken from a given range of community variation with environment. These points make difficult use of sample similarities for expression of beta diversity in sets of samples having multidirectional relationships to one another. Sample similarities can, however, be used to measure beta diversity as degree of change in species composition along a particular coenocline (Fig.  6) Extreme conditions, however, act as a filter, demanding adaptations for which not all genetic lines have the potentiality, limiting the number of species that are able to cope with a harsh environment and survive there. As we should expect, diversities of vascular plants are low in extreme deserts, the high Arctic and Alpine, and on the salt soils of playas, salt-marshes, and mangrove swamps. Apart from extreme desert, the effect of drought on diversity is less marked than that of cold. Some warm and dry environments are rich in species; and it seems likely that cold, through physiological stress that must be complex but should include tissue freezing and more profound alterations of enzymatic and other function than those required for a warm dry season, exerts a major filtering effect on vascular plant diversity. The nature of the cold period differs between the seasonal cold of the Arctic and temperate Alpine and the nocturnal cold of the tropical Alpine, but the correlation of diversity with temperature is strong. In relation to temperature and other factors, however, it is difficult to distinguish the effects on diversity of three aspects of environmental rigor: (a) average con- Stability may act in large part through its effect on dependableness of resources. If fluctuation in resource levels is imposed on a resource gradient such as illustrated in Fig. I , two effects will be expected. First, species occupying extremes of resource gradients, corners of the niche hyperspace, can no longer survive. Fluctuation has thus the effect of reducing the "size" of the niche hyperspace (Fig. 8) . Second, species that have found positions along a resource gradient between other species may be subject to a periodically intensified competitive squeeze, against which the more vulnerable are not able to maintain their populations. Fluctuation thus limits the species packing, the number of species able to differentiate themselves in use of the gradient; the relation is given more formal discussion by MacArthur (I970, erted by the predators permits increased diversification of prey species. The more fluctuant the environment, the more this positive feed-back in diversity evolution between trophic levels may be limited by periodic failure of prey resources for the predators. The formulation should apply to other interacting groups: to plants and their consumers, to both plants and animals in relation to parasites and pathogens, and to plants in relation to pollinators and fungal symbionts. If, for example, the equable conditions of a tropical rainforest make possible survival of a larger number of species of mycorrhizal fungi, then these offer an increasing range of collaborative possibilities to vascular plants and their seedlings and an increasing differentiation of the forest-floor pattern in terms of fungal species present, while increasing diversity of vascular plant species and chemistry of their roots and decaying foliage offers an increasing range of possibilities to the fungal species. It thus appears that environmental instability, as it acts upon the feasibility of marginal niches, competitive effects on niche packing, and implications of interactions for niche differentiation, is a major factor limiting species diversity. Instability acts to limit what is, by the formulation of this paper, the essential mode of evolutionary increase in alpha diversity -reciprocally influenced, self-augmenting increase in the range, complexity, and density of occupation by species of the niche hyperspace.
We may pursue the relation further in relation to two rich communities, the tropical rainforest and the Sonoran desert. It is in the tropical rainforest in its warm, humid, and equable climate that we find diversity to be highest on land (Dobzhansky 195o One must thus compromise the generalization that environmental instability inhibits the evolution of diversity. Given warm temperatures, a climate that is arid but not excessively arid, and time, evolution of many species with different responses to climatic fluctuation is possible. In a climate that is chronically variable from year to year, predictably unpredictable, specialization in response to that irregularity becomes a major means of niche differentiation. The Sonoran desert is rich on the basis of a niche hyperspace that differs from that of a rich forest in design, in the kinds and relative lengths of niche axes most significant in the evolution of species differentiation in the community. It is difficult, since communities include species with long histories in other communities, to treat evolutionary time as a variable to which diver-sity can be related. Even the land exposed by retreat of continental glaciers recently (some thousands of years ago) is occupied by communities whose species migrated in from other areas, in which those species had evolved niche differentiations that made possible the diversity of the new communities. Some communities north of the limits of continental glaciation are poorer in species than comparable communities south of the glacial border, but the relation is not consistent. The effect of time seems clearest where communities of very distinctive soils, notably serpentines, may be compared in glaciated and unglaciated areas. The serpentine outcrops are for many plants islands; for species narrowly confined to serpentine cannot easily cross a considerable distance of normal soils between outcrops, and species not adapted to serpentine may be able to colonize an outcrop only in time, with evolution of serpentine ecotypes, if at all. Unglaciated serpentine mountains in the Klamath Region of northern California and southern Oregon support distinctive plant communities of high species diversity and very large numbers of narrowly endemic species that have accumulated on these land surfaces through millions of years (Whittaker I954, 1960, I96Ib). Glaciated serpentine mountains north from the Klamath Region in Washington, in contrast, bear vegetation of much less floristic distinction from surrounding communities, largely lacking in narrowly endemic species, and of low species diversity (Kruckeberg i969a, I969b). The floras of both serpentine areas may be in equilibrium with the surrounding floras (as regards short-term plant invasion and succession), but time has permitted evolution of a far richer equilibrium in the unglaciated mountains.
Diversity expresses both time and effects of environmental rigor and instability on the rates at which species are added to communities. As new species enter and find their niches in communities, some species already in these will become extinct. It is the accumulated difference in the rates of species addition and extinction, as both are affected by environmental severity, that should be expressed in difference of diversity observed in the present. If, however, the rate of species extinction increases as diversity increases, while the rate of species addition does not increase or increases more slowly, then extinction and addition may come eventually into balance and diversity into a steady state. The effect has been shown for island biotas Implications of dominance for diversity go beyond such relationships involving stratal coverage, to effects of particular dominant species. Forests dominated by evergreen tree species average lower in species diversity than deciduous forests of the same canopy coverage in summer. Mean numbers of vascular plant species in sets of 5 samples of o. ha each were I 5 in evergreen vs. 41 in deciduous forests in the Great Smoky Mountains (Whittaker I969). In some communities strongly dominated by a given species, allelopathic effects strongly limit the diversity of the undergrowth and thereby of the community as a whole (Muller 1966, Whittaker i97ob ). It would be gratifying if the diversities of plant communities could be well predicted from correlations with time and the three aspects of environmental rigor. The correlations may be of interest but poorly predictive, for diversity is much affected by characteristics, especially dominance structure, of the particular communities that have evolved through the time available in the environments in question (Whittaker 1965 (Whittaker , 1969 ).
Beta Diversity
Measurements are too few for extended comment on beta diversity relationships. In temperate-zone observations both alpha and beta diversities increase from maritime into continental climates (Whittaker 1960 Beta diversities, like alpha diversities, in some cases show relatively independent variation in different strata of plant communities (Whittaker 1956 (Whittaker , 1960 . Low-elevation forests of the Great Smoky Mountains have comparably high beta diversities of the tree and herb stata; but at high elevations the low beta diversity of the tree stratum (strongly dominated by two species along the whole of the topographic moisture gradient) contrasts with the higher beta diversity of the undergrowth along the same gradient. The greater differentiation of the undergrowth than of the tree stratum in boreal forests is part of the basis of the Finnish approach to forest classification based on site-types distinguished primarily by undergrowth (Cajander 1949 , Ilvessalo 1922 , Kujala I945). It is likely that forests show a broad trend of diversity relations (though complicated by other factors) from boreal forests with very low alpha and beta diversity of the tree stratum combined with somewhat higher alpha and beta diversity of the undergrowth, to warm temperate forests with intermediate or moderately high alpha and beta diversities of both tree stratum and undergrowth. It seems likely that the trend, extrapolated from the latter, implies tropical forests with very high alpha and beta diversity of the tree stratum but lower alpha and beta diversity in the undergrowth -the reverse relation to that in boreal forests.
The reasoning on evolution of diversity suggests that beta diversity for many groups should be higher in the lowland Tropics than in the Temperate Zone. There are suggestions that such is the case. MacArthur (i965, I969) found local beta diversity and geographic differentiation were higher in tropical than in temperate bird communities. Work of Janzen & Schoener (1968) suggests high beta diversity in tropical insects, to which should correspond high beta diversity in the plants on which they feed. Janzen (1967) observes that species evolved in stable tropical climates may be narrow in habitat tolerances and consequently sensitive to geographic barriers that temperate species could more easily cross. A striking illustration of the principle appears in the limitations of many lowland tree species in Borneo by river systems (Ashton 1969) . In birds, because of the occurrence of relative saturation of alpha diversity, alpha and beta diversity may show different geographic relationships (MacArthur i965, I969, Cody I970). The observations available do not conflict with the expectation that in other groups alpha diversity, topographic beta diversity, and geographic differentiation of biotas should, as related evolutionary products, show largely parallel variation in relation to differences in climate and history. Johnson et al. 1968 ) the study of diversity through correlations may be rewarding. More generally for continental biotas, however, the complex effects of time, aspects of environmental rigor, historic differences in availability of species from adjacent areas, and effects of community structure on diversity may be only partly disentangled by correlations. Correlation analysis serves as an aid to conceptual interpretation, but not as a basis of formal statement and deductive prediction. This is to emphasize the importance of the biological and evolutionary, as well as of the formal and mathematical, perspective in the interpretation of diversity. Formal treatment has contributed much to the field, and the concepts of Hutchinson and MacArthur in particular have been the basis on which many biological and evolutionary questions were effectively asked. Yet there remains much of interest in this, as in other areas of biology, that will resist formal treatment. The biological perspective applies especially to problems of measurement. There is some hazard, in applying complex measurements and mathematical treatments to community data, of obscuring rather than clarifying relationships. Simple and more direct measurements are in general to be preferred; biological clarity should be valued above mathematical elegance when these do not coincide. If diversity is recognized as an evolutionary product, it may cause no surprise that no single measurement serves all purposes. The problems of measurement of such other products of evolution as intelligence, organic complexity, phylogenetic relationship, and organization may be noted.
Understanding of diversity has advanced by a tripartite exchange among field research, biological interpretation, and formal statement, with concepts and measurements the means of exchange among the three. More than any other author Robert MacArthur has maintained a range of interest and inquiry through the three areas, in a balance that supported his singularly effective development of theory. I should like in consequence to end with a reference of respect beyond the usual ways of citation, to one who has made the study of diversity so much his own and contributed so much.
